ABSTRACT -In this paper, we address the study of a broadband satellite system based on DVB-S2 for interactive services in a mobile scenario. In particular, we focus on the railway scenario when the train is moving with high speed under LOS (Line of Sight) conditions considering also the atmospheric effects for Ku band. We aim at the design of fading countermeasure to compensate the impact of short and medium term fading that is present in the LOS case, which is owed to the speed, the near environment (modelled by a Rice model) and the power arches. Long term signal blockage due to e.g. railway tunnels has not been considered in this study. With the purpose of compensating for these effects, the use of packet-level FEC and antenna diversity has been already proposed. In this paper, a further development of packet-level FEC, in combination or not with antenna diversity, is proposed. We propose a coding that differentiates classes of service thus avoiding guaranteeing quasi-error free PER performance for applications that do not need it with the consequent gain in capacity. Furthermore, we consider the adaptation layer to be based on the novel GSE (Generic Stream Encapsulation) encapsulation method currently under standardization process. Our results show that our proposed fade mitigation techniques yield improvements of average packet error rate.
I. Introduction
The DVB-S2 specification provides total flexibility so as to permit the implementation of a wide variety of satellite applications through the use of adaptive physical layer and highly flexible framing structure 1, 2 . DVB-S2 has been designed for fixed terminals; however, the increasing interest on broadband mobile services suggests that the natural evolution of DVB-S2/RCS standard to cover new market needs goes towards the support of mobile terminals. Actually, transport operators are starting to announce the provision of TV services in ships, trains, busses and aircraft, and broadband IP connectivity for passengers. Mobile terminals will have to cope in general with stringent frequency regulations (especially in Ku band), Doppler effects, frequent handovers, and impairments in the synchronization acquisition and maintenance. Furthermore, the railway scenario is affected by shadowing and fast fading due to mobility, such as e.g. the deep and frequent fades due to the presence of metallic obstacles along electrified lines providing power to the locomotive 3 and long blockages due to the presence of tunnels and large train stations. This suggests that hybrid networks, i.e. interworking satellite and terrestrial components, are essential in order to keep service availability. In this paper, we make use of the high flexibility of DVB-S2 in its current version in order to improve its performance in the railway scenario. We tackle the problem of how to compensate the impact of short and medium term fading, by considering the environment, the effect of power arches but not the long term signal blockage due to railway tunnels. We propose the use of two fading countermeasures, namely antenna diversity and packet level FEC. In order to evaluate the performance, we develop a physical layer model that includes the propagation channel model, the physical layer model for a number of coding and modulation formats and also the effects of resynchronisation after signal loss. This model allows us to investigate the optimal antenna diversity configuration as well as the optimal combination technique of the received signals. As for the packet-level FEC, we take a similar approach as the proposed in DVB-H 4 and we use the link layer model to analyse the performance of applying packet-level FEC at encapsulation level, but instead of assuming MPE (Multi Protocol Encapsulation) as in 4 , we assume GSE, better adapted to DVB-S2 and IP unicast traffic 5 . Our results show that effective countermeasures to compensate the impairments of the railroad satellite channel are possible and can be integrated into the existing DVB-S2 standard with a limited impact on the receiver design and on the system complexity. The paper is structured as follows. Section II presents the system model and proposed scenarios. Section III introduces the developed physical layer model. Section IV describes how we use the physical layer model to generate time series of successful/failed decoding of series of Base Band (BB) frames that are sent over the DVB-S2 link.
II. System model and proposed scenarios
In this paper, a DVB-S2 system as it is specified in 1 is considered, extended for the use in mobile environments, in particular the railway scenario. With the purpose of compensating for the effect of obstacles in the rail path, such as power arches, the use of packet-level FEC and antenna diversity was proposed in 11 . In this paper, a further development of packet-level FEC, in combination or not with antenna diversity, is proposed. The strategy proposed here consists basically on avoiding guaranteeing quasi-error-free PER performance for applications that do not need it, i.e. providing different PER guarantees to applications with different requirements, with the consequent gain on capacity. In more detail, the DVB-S2 system as it is defined in 1 applies ACM on a frame-by-frame basis, being this way able to adapt the modulation and coding rate for transmission of each frame according to the current experienced SNIR with the target PER upper bound of 10 -7
. Our approach is to consider that this PER upper bound is suitable for video-streaming but not required for other applications, such as VoIP or web browsing, so that the PER requirement could be relaxed for those applications. However, applications cannot be differentiated at a frame level, therefore a differentiated PER requirement cannot be established here. As an alternative, we achieve per-QoS class PER guarantees by first relaxing the PER requirement in general at the output of the DVB-S2 decoder and second, applying a per-QoS packet-level FEC block on top of the DVB-S2 FEC in order to achieve the required PER for each QoS class type of application. Following this approach we set the general PER requirement at the output of the DVB-S2 decoder to 10 -2 . The higher layer packets are classified according to a DiffServ-like approach in QoS classes, each of them having a specific PER requirement, as shown in Figure 1 . For those applications that get their PER requirement guaranteed by the DVB-S2 FEC, which we have set to 10 -2 , no packet-level FEC is required (see QoS 1 in Figure 1 ). For those applications that require a lower PER than the guaranteed at the output of the DVB-S2 decoder, a packet-level FEC block is added to the system. For each QoS class requiring a different PER upper bound, a different packet-level FEC block can be added, dimensioned to achieve the targeted PER. The example in Figure 1 The performance of this approach is evaluated in this paper in several railway scenarios, all of them in line-of-sight (LOS). Results form these LOS scenarios will drive the final design including also NLOS scenarios. In particular, the following scenarios are studied here:
-Scenario 1: LOS, without power arches, without antenna diversity, mobile speed 300 km/h -Scenario 2: LOS, with power arches, with antenna diversity, mobile speed 300 km/h -Scenario 3: LOS, with power arches, without antenna diversity, mobile speed 300 km/h.
III. Physical layer model

A. Channel model
Overview
The Land Mobile Satellite Channel (LMSC) has been widely studied in the literature 7 . Several measurement campaigns have been carried out and several narrow and wideband models have been proposed for a wide range of frequencies, including Ku 8 and Ka 9 bands. Nevertheless, for the specific case of the railway environment, only few results are presented in 17 as a consequence of a limited trial campaign using a narrowband test signal at 1.5 GHz, performed more than 10 years ago in the north of Spain. These results represent a very interesting reference, although no specific channel model has been extracted from the collected data. After an initial qualitative analysis, the railway environment appears to differ substantially with respect to the scenarios normally considered when modelling the LMSC. Excluding railway tunnels and areas in the proximity of large railway stations, one has to consider the presence of several metallic obstacles like power arches (Figure 2 , left), posts with horizontal brackets (Figure 2 , left-lowermost), which may be often grouped together and catenaries, i.e. electrical cables, visible in all the aforementioned figures. The results of direct measurements performed along the Italian railway and aiming to characterize these peculiar obstacles are reported in 6 and references herein. In summary, the attenuation introduced by the catenaries (less than 2 dB) and by posts with brackets (2-3 dB) is relatively low and can be easily compensated by an adequate link margin. On the other hand, the attenuation introduced by the power arches goes, depending on the geometry, the radiation pattern of the RX antenna and the carrier frequency, down to values much greater than 10 dB.
Modeling
Even if the layout and exact geometry of such obstacles an significantly change depending on the considered railway path, it turned out that the attenuation introduced by these kind of obstacles can be accurately modeled using knifeedge diffraction theory 18 : in presence of an obstacle having one infinite dimension (e.g. mountains or high buildings), the knife-edge attenuation can be computed as the ratio between the received field in presence of the obstacle and the received field in free space conditions. In the case addressed here, as shown in Figure 2 (left), the obstacle has two finite dimensions, and the received field is hence the sum of the contributions coming from both sides of the obstacle. Therefore the resulting attenuation can be written as follows:
where λ is the wavelength, a is the distance between the receiving antenna and the obstacle, b is the distance between the obstacle and the satellite, h is the height of the obstacle above the LOS and d is the width of the obstacle. Finally, the usage of a directive antenna with radiation pattern G(α) has to be considered. This implies an additional attenuation due to the fact that whenever the two diffracted rays reach the receiving antenna with angles α 1 and α 2 as shown in Figure 2 , the antenna shows a gain less than the maximum achievable (G max ) and depending on the variable h, which is directly related to the space covered by the train. In absence of a channel model directly extracted from measurements in the railway environment, it is a common practice to model the so-called "Railroad Satellite Channel" by superimposing (i.e. multiplying) the statistical fades reproduced by a Markov model (see 8 and 9 ) with the space-periodic fades introduced by the electrical trellises obtainable by means of the above equation. Values of the parameters in Figure 2 , as well as the space separation between subsequent electrical trellises depend on the considered railway. For the purpose of the simulations presented in this paper, the LOS channel is modeled as a Ricean channel with parameters (σ, A) = (0.0947, 0.9892), corresponding to a Rice Factor K = 17.4 dB. To account for the electrical trellises (app. every 50 m), a simplified attenuation patter resulting in a max attenuation of -35 dB lasting for 0.6 m is suggested, see Figure 3 . The simplification consists on adopting a linear slope according to Figure 3 . Additional losses due to atmospheric impairments are generated using an in-house channel simulator that takes into account rain effect and scintillation according to ITU recommendation, as well as interference. In general, the slow fading due to rain events (slope in the order of 1 dB / sec) can be compensated in DVB-S2 by selecting an adequate ModCod (pair of coding rate and modulation scheme). On the other hand, the fast fading due to mobile effects is generally not affecting the ModCod selection algorithm, which filters out fast channel variations but in turn it degrades the BER performance of DVB-S2 receiver with respect to the ideal performance over AWGN.
B. Antenna Diversity model
The propagation environment described in the previous section has a detrimental impact on system performance. To understand the behavior of the system, in Figure 4 , PER curves are reported in the case of no-power arches along with the floor exhibited in the case of power arches (dashed horizontal line). As a matter of fact, the impact of power arches on packet error rate performance is highly detrimental. During the PA induced fading events, the signal is completely obscured and all transmitted packets are lost, therefore, PER floor equals exactly the ratio between the PA fade duration and the PA distance, i.e., 0.6 m every 50 m.
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 To counteract this detrimental effect, the adoption of antenna diversity has been proposed in 13 . To achieve the maximum benefit from the application of antenna diversity, it can be accepted to increase the receiver complexity and to adopt the optimal signal combining technique, also known as maximal-ration combining (MRC) 13 . In fact, MRC scheme provides the maximum output SNIR. The sampled and combined complex baseband signal received at the l-th antenna is: 
According to the system scenario investigated in this work, we adopt the MRC combining scheme with two antennas, l=2. The antennas are placed on the same coach so as to reduce the costs of installation and the connection length. The antenna spacing is chosen as a function of the distance between two consecutive power arches so as to guarantee that only one antenna at a time can be obscured. Accordingly, the distance between the two antennas is about 15 m, for a symmetry reason. Considering the maximum train speed (about 300 km/h), this translates into the fact that power-arch blockage on a single antenna lasts for about 7 ms (0.6m @300 km/h), and it hits the second antenna after about 180 ms. The combination of the PA fading effects and the antenna diversity (AD) solution is highlighted in terms of detection performance in Figure 5 . The performance behavior is the same already discussed in 13 : the PER floor is removed and a gain in the order of 2 dB at PER=10 -2 is obtained.
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C. Link budget and Selected coding rates and modulation formats
To identify a realistic SNIR operating point, a link budget taking into account realistic satellite EIRP and terminal G/T values has been performed (see table Table 1 ). As it can be seen, for a terminal G/T equivalent to a 65 cm aperture antenna, and assuming the presence of two symmetric interferers having the same power as the useful signal and located 2/ 3 deg (worst/best case) away on the geostationary arch, a nominal SNIR in the order of 14 dB can be achieved. To exploit the margin offered by the link budget and at the same time limit the amount of physical layer simulations, the set of ModCods has been reduced to those indicated in Table 2 , keeping in mind that the reported SNIR values to achieve QEF performance refer in Table 2 to the AWGN case. In turn, the physical layer simulations used to generate BBFrame error patterns described in the next section take into account a ricean channel and an additional penalty due to realistic parameters estimation in the receiver.
IV. DVB-S2 BB frames time series generation
The physical layer model described in the previous section has been used to generate time series of DVB-S2 BBframes. This timeseries consists of ones and zeros, where zero means a BBframe has been decoded correctly by the DVB-S2 decoder while one means that the decoder has not been able to decode the BBframe. This times series have been be used by the packet-level FEC simulator explained in the next section in order to assess the packet-level FEC performance. In particular, the eight selected ModCods from Table 2 have been simulated in LOS channel condition, taking into account realistic channel parameter recovery, with and without the presence of power arches and of the second receiving antenna. The obtained physical layer performances are reported in Figure 4 and Figure 5 . From these results, the SNIR values achieving a BBFrame error rate in the order of 10 -2 can be extracted. For each one of these SNIR working points, BBFrames time-series have been generated and passed to the link layer simulator. On the other hand, the DVB-S2 system is capable of compensating rain fading events by adapting the modulation and coding rate to the instantaneous channel attenuation. In order to include this feature in the system model, and considering the physical layer performances for a target PER = 10 -2 in Figure 1 , used ModCod time series are generated according to the physical layer adaptation (PLA) method proposed in 10 . We depart from attenuation time series generated by an in-house simulator that takes rain fading, scintillation and interference effects into account. This attenuation is then subtracted from the SNIR working point established for the physical layer performance simulations (according to the link budget), resulting in SNIR time series that include rain fading events, scintillation and interference. On top of this, the attenuation due to the mobile channel is included into the time SNIR time series. Given the instantaneous SNIR values estimated by the user terminal, the PLA algorithm at the Gateway selects the ModCod that provides the highest efficiency and at the same time ensures the established PER upper bound at the output of the decoder, in our case 10 -2 . However, since only slow variations can be tracked due to the time that takes for the user to report the SNIR value to the Gateway (round trip delay), the PLA algorithm must account also for the possible variations of the channel during this time and provide a ModCod selection "safety margin" in order to be protected also against the effect of scintillation, which cannot be compensated by ACM. In particular, a new ModCod will only be selected if the corresponding safety margin between the critical threshold and the SNIR estimate reported by the user terminal is kept, where the critical threshold refers to the ideal SNIR value for the used ModCod under consideration. This way, the required PER upper bound is kept despite variations during the reaction time of the PLA algorithm. Additionally, the PLA algorithm introduces a hysteresis cycle avoids high ModCod switching rate, which is undesired. This hysteresis has two thresholds, one to switch up ModCod and another to switch down ModCod 10 . In conclusion, the SNIR traces which have been generated according to the same Es/N0 working point used for the BB frames error time series are used as input to the PLA algorithm in order to generate used ModCod time series. It is worth mentioning that the SNIR time series are decimated to a sampling rate of 10 samples per second, since the reaction time of the PLA algorithm cannot deal with higher sampling rates anyway. This reduces the simulation time, having no effect in the ModCod selection, also due to the hysteresis cycle. With this decimation, the fast fading effects (from scintillation and the mobile channel) are smoothed. In particular, the effects of the mobile channel fast fading are completely masked, resulting in a fairly constant attenuation.
IV. GSE-FEC and IP Diffserv model
In order to increase the DVB-S2 physical layer performance for mobile environments, we evaluate here the use of packet-level FEC. In particular, we use the same coding that is used in DVB-H system as an additional error correcting code also to improve the performance during mobile reception. This coding is called MPE-FEC since it is processed on the link layer at the level of the IP input streams before they are encapsulated by means of the MPE. It is important to note that the MPE-FEC error protection is calculated separately for each individual elementary IP input streams. LDPC code which has been rediscovered recently shows a very good performance with the price of larger coding block and for this reason we do not propose them for interactive IP services. We propose to follow the same approach as in DVB-H 15 , the only difference is that we apply the RS coding at GSE level, the new encapsulation protocol currently under standardization by ETSI. GSE protocol allows for direct encapsulation of IP and other network-layer packets over DVB-S2 physical layer frames. The encapsulation and fragmentation of IP datagrams for transport over DVB-S2 Generic Streams have been defined in Ref. 16 . Firstly, the PDUs are encapsulated in SNDUs by adding the SNDU header and optional checksum bytes. Then the SNDU sections are encapsulated in one or more GS units. Each GS unit is made of GS header and Data Field. The size of GS header ranges from 2B to 5B depending on the PDU fragmented or not. The length of GS Data Field is variable ranging from 1B to 4kB, because the size of IP packets and the number of GS units in each SNDU section are both variable.
Figure 5. Coding formats of existing standards and proposed packet-level FEC for DVB-S2
The size of SNDU header ranges from 2B to 8B because the part of Label (3B or 6B) is optional and Protocol field (2B) is mandatory. CRC32 (4B) will be attached at the end of the last GS unit if SNDU section is encapsulated in several GS units. The SNDU is transmitted over a DVB-S2 link by placing it either in a single GS which is sent in one BB frame, or if required, a PDU may be fragmented into several GS units, which are sent in one or a series of BB frames. The size of BB frames varies from 384 bytes to 7274 bytes. Adaptive Coding and Modulation (ACM) allows for changing ModCods on-the-fly and in accordance with the link quality perceived at the receivers. Consequently the receiver will be able to demodulate and decode only those BB frames whose ModCods matches the perceived link quality. The GSE-FEC matrix is constructed with IP datagrams in the left-hand side (191 columns) and parity byte (RS data) on the right-hand side (64 columns without puncturing). Thus up to 25% of GS data can be allocated to parity overhead. As described above, we propose to relax the PER requirements at the DVB-S2 decoder and to achieve the required PER for each type of application using packet-level FEC on top of the DVB-S2 FEC on a per QoS-class basis. We assume a QoS Diffserv model and we assess the performance of our GSE-FEC for each traffic class. This approach allows for a cross-layer design of the transmitter by which GSE-FEC coding rate is dynamically optimized according to the physical layer dynamics. This adaptive approach is in line with the physical layer DVB-S2 adaptivity, but in this case the adaptivity is made at link and adaptation layers, needing a cross-layer feedback from the physical layer.
V. Performance Numerical Results
A. Performance parameters
We assess the performance of our GSE-FEC by computing the following three performance parameters: -Depth of the FEC matrix for the required performance.
We assume the same possible depths as in DVB-H, i.e. 256, 512, and 1024. However we also check 2048 in a few cases for the sake of completeness of the results. -Per-QoS average PER at link layer, i.e. final PER after both channel coding and packet level coding. It should be noted here that PER averaging is performed over the BB frame time series, i.e. statistical significance is limited by the length of the time series. For this study, the different Diffserv QoS classes types are characterized by their packet size as shown in the Table 3 . Per-QoS delay introduced by the FEC matrix. This delay depends on the depth of the FEC matrix. The The delay of PL-FEC is computed using the following formulas.
where N is the number of bits of the FEC-Matrix. It can be expressed as:
where rows N is the number of rows and 255 is the number of columns. Nota that we need to multiply by 8 because the unit of the FEC-Matrix element is byte. b R is the information bit rate. In order to compute the actual b R from the system symbol rate we make use of the exhaustive modeling of encapsulation efficiency presented in Ref. 13 . Tables 4, 5 and 6 show the numerical results for the considered LOS scenarios and each traffic class: EF: Expedited Forwarding; AF: Assured Forwarding; BE: Best Effort. The performance parameters defined above are shown. Note that in some cases two different matrix depth values are shown to make explicit the effect of more protection and eventually take the appropriate decisions. Puncturing has not been considered in any case in this preliminary study of proof of concept; however it is clear that it provides with an additional degree of freedom for final system optimization. In general, the following conclusions can be drawn: -For Scenario 1, the number of rows should be set at 256 in order to correct all the errors. The introduced delay is acceptable for AF and BE type of traffic but it is not for EF traffic, however PER at the decoder is acceptable and this traffic does not need to be protected with PL-FEC. As expected, the performance of this scenario is the best one because PA are not considered; -For Scenario 2, the number of rows should be set at 256 for ModCods QPSK 1/4 and 1/3, 512 for QPSK 1/2, and 3/4 and 8PSK 3/5, 768 for 8PSK 3/4, 16PSK 2/3 and 16PSK 3/4; -For Scenario 3, the performance is worse because of the larger length of the Burst Error than Scenario 2. This proves the great benefit obtained from using diversity gain. As expected, the delay of each DiffServ class decreases with the increasing of Modulation efficiency and Coding rate; -In all scenarios, the BE shows a slightly better performance, i.e the lowest delay and PER simply due to the more efficient encapsulation into both the FEC matrix and GSE units. Finally, we have also carried out simulations to test out the influence on the performance of rain events at Ku band. Table 7 shows the average PER obtained over realistic time series. The results are computed for BE traffic 1500B and the unit of Delay is millisecond (ms). Note also that the FEC coding protection has to be increased with the subsequent increase in delay. The average PER and delay for each number of rows are very similar because the MODCOD 16APSK ¾ is always dominant even in presence of rain events of realistic duration. For each Scenario, the PER in the gray field of the table is always 0 while the orange field is the least delay for each Scenario in order to correct all the errors using PL-FEC. The SNIR time series corresponding to the different simulated propagation scenarios are shown in Figure 6 . Table 4 . Scenario LOS without PA and without Antenna Diversity Table 5 . Scenario LOS with PA and with Antenna Diversity Table 6 . Scenario LOS with PA and without Antenna Diversity It can be observed that the delay performance is directly dependent on the rain fading scenario. The best delay performance is achieved in all configurations in clear sky conditions. Comparing the results shown in Table 7 with the maximum depth of the rain attenuation in the different rain fading scenarios shown in Figure 6 , it can be concluded that for deeper rain attenuation events, the delay performance of the packet level FEC is worse. The worst case occurs in rain fading scenario 2, where a maximum rain attenuation of 10 dB is achieved. The delay performances corresponding to rain fading scenarios 1 and 3 are quite similar, whereas the slightly worse performance in rain fading scenario 3 is explained by a 0.5 dB lower SNIR in average.
B. Numerical Results
VI. Conclusions and further work
In this paper we have proved by simulations that by using fade countermeasures based on antenna diversity and packet-level FEC the DVB-S2 link can significantly improve performance in a railway mobile scenario with LOS conditions. Moreover, we have proposed a packet-level FEC mechanisms inspired by the MPE-FEC standardized by DVB-H. As in DVB-H, our FEC is also applied at link level and use RS coding. The only difference is that we use the novel GSE encapsulation method being standardized by DVB/ETSI since it is far more appropriate than MPE for interactive services. Furthermore, we prove that by relaxing DVB-S2 physical layer requirements, we can tune final PER by appropriately tuning the GSE-FEC coding rate thus allowing a per-QoS protection with subsequent gain in capacity. The potential capacity gain in each investigated scenario is for further work.
